
Research Article
NMR Experimental Study on Dynamic Process of Pore Structure
and Damage Mechanism of Sandstones with Different Grain
Sizes under Acid Erosion

Chao Wu,1 Shengquan Wang ,1,2,3 Delu Li,2,4 and Xiaokang Wang2,4

1College of Geology and Environment, Xi’an University of Science and Technology, Xi’an, Shaanxi 710054, China
2Shaanxi Provincial Key Laboratory of Geological Support for Coal Green Exploitation, Xi’an, Shaanxi 710054, China
3Key Laboratory of Coal Resources Exploration and Comprehensive Utilization, Ministry of Land and Resources, Xi’an,
Shaanxi 710021, China
4Geological Research Institute for Coal Green Mining, Xi’an University of Science and Technology, Xi’an, Shaanxi 710054, China

Correspondence should be addressed to Shengquan Wang; wc09052411@126.com

Received 23 August 2019; Revised 8 November 2019; Accepted 28 November 2019; Published 8 January 2020

Academic Editor: Zhixiong Li

Copyright © 2020 Chao Wu et al. .is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In many engineering projects, it is critical to consider the acid erosion of rock. .is study investigates dynamic changes in pore
structure and damage mechanisms in sandstones subjected to acid erosion. Specimens with three grain sizes were immersed in
acid solution and tested by the nuclear magnetic resonance technique. Changes in solution pH, specimen mass and porosity, T2
spectrum distribution, and area were analyzed. Damage mechanisms are discussed, and relationships between porosity and acid
erosion damage variables are established. .e results show that acid erosion has significant effects on pore structure and erosion
damage in sandstone. With increasing soaking time, new micropores formed in sandstone, while existing micropores and
mesopores gradually expanded into macropores, causing the T2 spectrum distributions to change greatly. .e porosity, acid
erosion damage, and T2 spectral areas of sandstones with different grain sizes all increased gradually. Under acid erosion,
sandstones became gradually weakened, but the effects varied greatly according to grain size. Pore structure changes and acid
erosion damage were greatest in coarse-grained sandstone, followed by medium- and fine-grained sandstone.

1. Introduction

Natural rocks have a large number of irregular pore
structures that occur at multiple scales [1, 2]. Water is an
active component of the geological environment that has an
important influence on the safety of rock mass engineering
[3, 4]. .ere is a variety of physical, mechanical, and
chemical interactions that occur between engineering rock
masses and surrounding water in deep geological envi-
ronments [5]. .ese interactions are mainly caused by
chemical reactions in which some of the active minerals in
rocks are dissolved..e solutes migrate with the water out of
the rock body, leaving caves and fissures that increase rock
porosity [6] and cause erosion, thereby seriously affecting
the safety of underground engineering projects [7].

In order to comprehensively study the macromechanical
damage caused by chemical erosion of rocks, many exper-
imental studies have been conducted. Lin et al. [2] in-
vestigated the effects of chemical erosion due to solution
soaking on the pore structure and mechanical properties of
sandstones by analyzing porosity, T2 spectrum distributions,
and nuclear magnetic resonance images (NMRI). Han et al.
[1, 8] used damage variables based on pore variation to
quantitatively analyze sandstone damage caused by chemical
erosion. Miao et al. [9] performed uniaxial and triaxial
compression tests and splitting tests on granite samples after
acid solution erosion at different pH values and flow rates.
Deng et al. [10] studied the damage characteristics and
mechanisms of sandstones subjected to acid erosion and
repeated freeze-thaw cycles. Fang et al. [11] studied the
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combined effects of chemical erosion and freeze-thaw cycles
on the compressive failure characteristics of yellow sand-
stones. Zhang et al. [12] studied pore structure changes in
sandstones subjected to rapid freeze-thaw cycles and
chemical erosion. Li et al. [13] studied the effects of acid
solution type and soaking time on the physical and me-
chanical properties of sandstones..eymeasured changes in
relative mass, deformation, and strength characteristics of
sandstones under different acid-base erosion values. It can
be seen that current research into the chemical erosion
characteristics of rocks mainly focuses on the deterioration
in their macromechanical properties caused by chemical
reactions between solutions and minerals. However, the
influence of rock grain size on microporous structures
subjected to chemical erosion has received little attention.

Studies on rock pore structures and damage have
adopted a variety of advanced testing techniques, such as
mercury injection testing [14, 15], scanning electron mi-
croscopy (SEM) [16–18], computerized tomography (CT)
[19–23], and NMR [24–27]. Each has its own advantages and
disadvantages. Mercury intrusion testing can analyze the
pore throats of pore structures, but the pores and throats
cannot be identified separately [28, 29]. SEM can describe
rock micropore structures but can only test a relatively small
extent of the rock surface and so cannot provide overall pore
structure information nor dynamically observe changes in
pore structure. Use of CT can provide a complete three-
dimensional view of rock samples but can only be used for
real-time observations and cannot determine the charac-
teristics of the rock microstructure [10] and is uneconomical
[30]. NMR is a nondestructive testing technique. .e dy-
namic evolution of a rock pore structure can be obtained by
the measuring porosity and T2 spectrum distribution [2, 31].
It has been widely used to analyze pore structures and fluid
states in rocks. .erefore, the present study used NMR
technology to study dynamic processes and damage in rock
pore structures.

In view of the above review, it is necessary to make an in-
depth study of changes in themicropore structures of similar
rocks with different grain sizes subjected to acid erosion. In
order to study such dynamic processes, rock specimens were
immersed in acid and then tested by the NMR technique.
Changes in specimen mass, solution pH value, porosity, T2
spectrum distribution, and area at different time periods are
comprehensively analyzed. .e damage mechanisms oc-
curring in sandstones with different grain sizes and sub-
jected to acid erosion are discussed, and the relationship
between sandstone porosity and acid erosion damage var-
iables are established based on the test data.

2. Materials and Methods

2.1. Specimen Preparation. Sandstone test specimens were
collected from the Zhiluo Formation in the Binchangmining
area, Shaanxi Province, China. With reference to relevant
standards [32], the samples were categorized according to
grain composition as fine-, medium-, and coarse-grained
sandstone. .e grain sizes of fine-grained sandstone were
0.10–0.15mm, those of medium-grained sandstone were

0.28–0.45mm, and those of coarse-grained sandstone were
0.55–0.83mm. .e sampling depth was 705–720m. All
specimens were taken from intact sandstone and processed
into cylindrical specimens with a height-to-diameter ratio of
1 :1 and diameter of 25± 1mm. In the tests, three specimens
for each grain size were used, labeled groups B (N-1–N-3), C
(N-4–N-6), and D (N-7–N-9), as shown in Figure 1. Before
the tests, three groups of specimens were pretested by NMR,
excluding specimens with large differences in initial porosity
and T2 spectrum distributions. .e main mineral compo-
sitions of the sandstones are shown in Table 1. Note that the
results listed in Table 1 are the mean values of three
specimens.

2.2. Test Instrument. .e main equipment used in the tests
was a NMR test system (MacroMR12-150H-1, Niumag
Electric Technology Co., Ltd., Suzhou, China; Figure 2).
.e NMR tests required constant temperature conditions
of 32.0± 0.02°C. .e specific parameters are shown in
Table 2.

2.3. Test Procedure. In a real geological environment, water-
rock chemical interactions are slow, long-term processes.
However, it is possible to alter the ionic concentration and
pH of the test solution to accelerate the process [5, 7, 33]. In
order to simplify the experiment, this work only investigates
dynamic changes to the pore structures of sandstones under
acid erosion with a solution of pH 2..emain test steps were
as follows: (1) Preparation of specimens: All specimens were
washed, dried at 105°C for 24 h, and cooled to room tem-
perature in a drying dish..eir size andmass were measured
and their appearance was observed. (2) Vacuum saturation:
Specimens were placed in a vacuum saturation device,
saturated for 4 h at a vacuum pressure of 0.1MPa, and then
immersed in distilled water for a further 24 h. (3) Prepa-
ration of acid solution..ree samples of identical 0.01mol/L
H2SO4 solution (pH 2) were prepared. (4) Testing: Specimen
mass and porosity, solution pH, and NMR T2 spectra were
determined. .ese tests involved no soaking (for 0 days).
.en, the specimens were immersed vertically in H2SO4
solution and removed at 10 d intervals to repeat the above
tests. (5) End of testing. Once the average porosity of a group
of specimens became constant, all specimens were removed
and the testing was complete. Figure 3 shows a complete
flowchart of the test plan. For all tests, the same reaction
vessels (1 L) and solution volumes (0.5 L) were used.

2.4. NMR 0eory. .e NMR technique is based on the
interaction between the magnetic fields of hydrogen nuclei
and the external magnetic field [7, 34]. Under the influence
of static and alternating magnetic fields, the H protons in
water-saturated specimens release energy that forms the
NMR signal [35, 36]. .rough these signal differences, the
distribution of transverse relaxation time T2 can be ob-
tained, which directly reflects the variation in the char-
acteristics of the rock’s pore structure. T2 is the transverse
relaxation time of fluid, which can be divided into three
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relaxation mechanisms in rock pores. .e total transverse
relaxation rate can be expressed as follows [37]:
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where (T2)total is the transverse relaxation time; (T2)B is the
bulk fluid relaxation time; (T2)S is the surface relaxation
time; and (T2)D is the diffusion relaxation time (all in ms).
Because the diffusion relaxation and bulk fluid relaxation
times are negligible compared with the surface relaxation
time, the total relaxation time of the rock depends on surface
relaxation [28, 38]. .e surface relaxation is related to the
specific surface area of rocks (the ratio of pore surface area to

Table 1: Mineral composition of sandstones with different grain sizes (%).

Sandstone type Quartz Feldspar Muscovite Kaolinite Detritus Cement (mainly calcareous and ferrous)
Fine-grained 72.5 17.6 0.0 1.8 2.4 5.7
Medium-grained 60.3 20.5 5.1 2.4 3.5 7.2
Coarse-grained 43.8 31.6 8.3 4.0 1.7 10.6

Test system

Spectrometer system and
radio frequency unit

Magnet cabinet

Figure 2: NMR testing system.

0 5cm

Figure 1: Test specimens.

Table 2: Test parameters of the CPMG sequence.

System parameters Value
Magnet temperature (°C) 32
SF (MHz) 12
O1 (Hz) 475258.8
RFD (ms) 0.002
P1 (μs) 16
P2 (μs) 33.04
TD 300038
TW (ms) 1500
RG1 10
DR 1
NS 16
NECH 3000
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pore volume)..e larger the specific surface area of the rock,
the stronger the surface relaxation, and vice versa [39].
.erefore, the total transverse relaxation rate can also be
expressed by the following formula [40, 41]:
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where S is the pore surface area (μm2); V is the pore volume
(μm3); and ρ2 is the transversal surface relaxivity (μm/ms).
From equation (2), it can be seen that the T2 of rock is
mainly determined by the ratio of ρ2 and S/V. It can be
further expressed as the relationship between T2 and pore
radius:
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r
, (3)

where FS is a dimensionless pore shape factor (FS � 2 for
cylindrical pores and FS � 3 for spherical pores) and r is the
pore radius (μm). .e transversal surface relaxivity (ρ2) of
rock has an important influence on the pore radius distri-
bution, and different rocks have different ρ2 values, generally
ranging from 1 to 10 μm/ms [24]. In this paper, the middle
value ρ2 � 5 μm/ms is selected to study the pore radius
distribution of sandstone. At the same time, according to the
SEM images, the internal pores of sandstones with three
kinds of grain sizes are mostly connected cylindrical pores,
and FS � 2 is selected. .erefore, equation (3) can be
simplified as

T2( total ≈
r

10
. (4)

It can be seen that the NMR transverse relaxation
time depends on the specific surface area of the rock [42];
that is, the T2 value is positively correlated with pore
radius.

3. Test Results

3.1. Mass Change. .e damage that acid erosion causes to
rocks is mainly due to the infiltration of acid solution along
pores and fissures and chemical reaction and dissolution
with certain mineral crystals or framework grains. .ese
processes increase the porosity of rock and make it more
loose and fragile. .e masses of sandstone specimens with
different grain sizes after soaking in acid solution for 60 d
were measured (Figure 4). It can be seen that with increasing
soaking time, the masses of the specimens in each group
increased to different degrees, but under the action of
erosion, the masses of coarse- and medium-grained sand-
stone specimens decreased. .is is because, under acid
erosion, the internal pores expand continuously, leading to
an increase in the water content of the specimens in the
saturated state and an increase in their mass. However, with
increasing soaking time, somemineral crystals or framework
grains were dissolved and corroded to varying degrees,
resulting in the shedding of framework grains from the
surfaces of the rock specimens, which decreased their mass.

.e relative mass change rate can indirectly describe the
effect of acid erosion on a rock pore structure. Based on the

Sandstone specimens were prepared
Grain sizes

Observation of appearance

Measurement of pH

No

Yes

 Is the average
porosity constant for a
group of specimens?

End of the test

Specimens were immersed vertically
in H2SO4 solution 

Preparation of acid solution 0.01mol/L pH = 2 H2SO4 solution

Measurement of mass

T2 spectrum distribution

Porosity

NMR testing

The specimens were numbered and
divided into three groups

The specimens were saturated for
4h at 0.1MPa pressure and then
soaked in distilled water for 24h

Specimens were removed every 10 d 
for testing

The specimens were washed, dried
at 105°C for 24h, and cooled to

room temperature

Figure 3: Flowchart of the test plan.
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difference between a specimen’s initial mass and that at time
t, the rate of relative mass change Δm of specimens at
different times can be calculated according to the following
formula:

Δm �
mt − m0

m0
× 100%, (5)

where m0 and mt are the masses of specimens at the initial
time and time t. Figure 5 shows the relationship between the
rate of relative mass change and soaking time. It can be seen
that there are different relationships according to the
sandstone grain size. .e test results show that

(1) .e rate of relative mass change in fine-grained
sandstone increased slowly at first and then tended to
be stable with increasing soaking time. .e results
show that the water absorption effect of the rock was
greater than the effect of acid erosion in the initial
stage of soaking. With increasing soaking time, acid
erosion progressed and the micropores in the rock
increased. However, at this time, the water absorp-
tion effect was still dominant and the masses of the
rock specimens increased, so the rate of relative mass
change increased slowly. When soaked for about
60 d, the water absorption effect of the rocks was
basically the same as that of acid erosion. .at is to
say, after increases in rock pore numbers, the mass of
water absorbed increased but was basically equal to
the mass lost due to acid erosion, such that there was
no obvious change in mass. At this stage, the relative
mass change rate of the rocks only increased by
0.04%.

(2) .e rates of relative mass change in medium- and
coarse-grained sandstones increased at first and then
decreased with increases in soaking time. .is was
because, in the initial stage of soaking, the water
absorption effect of rocks was greater than that of

acid erosion, but with increasing soaking time, the
porosity and specific surface area of the rock in-
creased, and the rate of chemical reaction increased.
At this time, acid erosion appeared to be the main
effect, and rock mineral components were hydro-
lyzed and dissolved. Some framework grains were
mechanically detached and the masses of the spec-
imens decreased. Compared with medium-grained
sandstone, the mass of coarse-grained sandstone
decreased more obviously. After soaking for 60 d, the
average mass of coarse-grained sandstone decreased
to 27.20 g, a relative mass change rate of − 3.03%.

3.2. Specimen Appearance and Changes in Grain
Precipitation. .e effect of acid erosion on the pore
structures of the specimens changed their appearance to a
certain extent. Figure 6 shows photographs of the specimens
of different grain sizes after soaking for 60 d. It can be seen
that the fine-grained sandstone appeared to be the most
complete. Macropores were hardly observed, and a small
denudation area was found at the bottom of the specimen.
.e medium-grained sandstone had a relatively complete
appearance, with a honeycomb-like local surface and a small
number of macropores, while the denudation area at the
bottom was more obvious than in fine-grained sandstone.
.e coarse-grained sandstone appeared incomplete, the
surface was honeycomb-like, there were many macropores,
and the denudation area expanded to the periphery.

Changes in the amount of grains precipitated in the
solution used to soak the specimens can also reflect changes
in the pore structures of sandstones to a certain extent. In the
process of acid erosion, precipitated grains were mainly
formed by dissolution and mechanical shedding of frame-
work grains from the rocks. Figure 7 shows the changes in
precipitated grains in the solution after soaking for 60 d. It
can be seen that there were basically no framework grains in
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Figure 5: Variation in relativemass change in sandstone specimens
of different grain sizes with soaking time.
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the group B solution, free grains were few and scattered, and
the solution was relatively clear. Free grains and a small
amount of framework grains appeared in the group C so-
lution. However, a large number of free grains and
framework grains appeared in the group D solution, making
it turbid and indicating that the reaction between coarse-
grained sandstone and the acid solution was strong, and
changes to the pore structure were obvious.

3.3. Solution pH. .e saturated specimens were vertically
immersed in H2SO4 solution and its pH was measured every
10 d (Figure 8). With increasing soaking time, the pH of
three groups of solutions tended to be neutral, mainly be-
cause the water-rock chemical reaction consumed the H+

ions in the solution. In addition, the rates of pH increase
differed between the three solutions at different stages. .is
indicates that the rates of water-rock chemical reaction
differed between the three groups at different stages.

3.4. Porosity Change. Porosity change is of great significance
in the study of rock pore structures subjected to acid erosion
[43]. Figure 9 shows that the porosity of the specimens

gradually increased with soaking time. However, the rates of
change differed according to grain size. After 60 d of soaking,
the porosities of fine-grained, medium-grained, and coarse-

Micropore

Denudation area
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Micropore
Macropore

Macropore

Denudation area

(b)

Micropore
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Denudation
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Figure 6: Appearance of sandstone specimens with different grain sizes after soaking for 60 d (a) N-2; (b) N-4; and (c) N-9.
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Figure 7: Precipitated grains in acid solution from sandstones of different grain sizes after soaking for 60 d. (a) group B; (b) group C; and (c)
group D.
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grained sandstone increased by 163.3%, 225.0%, and 271.0%,
respectively. .e rate of change was greatest in coarse-
grained sandstone, and the porosity increased rapidly in the
early stages of soaking. .e main reason is that the initial
pore-throat size of the coarse-grained sandstone was large,
such that the acid solution could easily enter the interior and
cause high initial dissolution. It is worth noting that the
average porosity of coarse-grained sandstone was 15.55%
after soaking for 60 d. Hence, porosity only increased by
0.02% compared with that at 50 d, which is negligible. .is
indicates that the water-rock chemical reaction had basically
reached an equilibrium state. Comparing the groups of
specimens, there is a positive correlation between the initial
pore-throat size and increment of porosity. .at is to say,
under the same conditions, without considering the an-
isotropy of rock framework grains, a greater initial pore-
throat size allows greater acid erosion damage and a more
rapid increase in porosity.

3.5. NMR T2 Spectrum Distribution. Change in an NMR T2
spectrum can directly reflect change in the pore structure of
rock [36, 41, 43]. According to principles of NMR, the pore
radius is proportional to the value of T2, where a higher T2
indicates a larger pore radius. .e peak value and peak area
of the T2 spectrum distribution represent the concentration
degree and quantity of different-size pores. .erefore, the
effect of acid erosion on the pore structure of sandstones
with different grain sizes can be studied by T2 spectrum
distributions.

However, there is no unified classification standard for
the pore radius of sandstones, and sandstones from different
areas have different classification standards. According to
the pore classification standard proposed by Ondrášik and
Kopecký [44] and the pore structure characteristics of the
specimens, the pores were divided into three types: mi-
cropores (≤100 μm), mesopores (100–1000 μm), and mac-
ropores (≥1000 μm). Based on this, the critical pore radius
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values of these pore types were substituted into equation (4),
and the T2 cutoff time of the three pore types were calculated
to be 10ms and 100ms..e T2 spectrum distribution curves
of typical specimens from each group are analyzed as
follows.

Figure 10 shows the T2 spectrum distribution curves of
sandstones with different grain sizes under acid erosion. .e
T2 spectrum for each grain size of sandstone is composed of
three peaks, each corresponding to a pore-size type. From
left to right, the first signal peak is the strongest while the
second and third ones are relatively weak. .ese peaks
correspond to three pore types: micropores, mesopores, and
macropores. At the same time, the peaks also indicate the
degree of damage at this time. According to the T2 spectrum
distributions, the damage can be defined as three types:
microscopic, mesoscopic, and macroscopic. When the
amount of macroscopic damage accumulates to a certain
extent, the rock specimens will be destroyed.

Comparing Figures 10(a)–10(c), it can be seen that at a
given soaking time, the signal amplitude detected in coarse-
grained sandstone was the highest, followed by those of
medium- and fine-grained sandstone. .is indicates that
the coarse-grained sandstone had the greatest number of
pores. .e maximum relaxation time of coarse-grained
sandstone was 541.58–821.43ms, that of medium-grained
sandstone was 471.37–766.34ms, and that of fine-grained
sandstone was 333.13–439.76ms. .e higher relaxation
time of coarse-grained sandstone indicates that it had
larger maximum pore sizes than the other two sandstone
types. In addition, from the T2 spectrum distribution, it can
be seen that the order of influence of acid solution on
sandstone pore structure was coarse-grained>medium-
grained > fine-grained. It is worth noting that after 60 d of
acid soaking, the third peak of the coarse-grained sand-
stone had an amplitude of 48.3 and its macroscopic damage
was greater. .e average porosity of coarse-grained
sandstone obtained above was basically unchanged, in-
dicating that the water-rock chemical reaction reached
equilibrium. Under further soaking, coarse-grained sand-
stone should be destroyed first.

We can also see that with increasing soaking time, the T2
spectrum peaks of sandstone shifted left or right to various
degrees and also fluctuated up and down. .is is because, in
the process of acid soaking, the mineral components of the
rocks were hydrolyzed and dissolved. New micropores were
continuously produced and, at the same time, some of the
original micropores and mesopores gradually expanded into
macropores. .is shows that the pore structure changes
occurring in sandstone due to acid erosion are a dynamic
process.

3.6. T2 Spectrum Area Analysis. .e T2 spectrum area is
proportional to the amount of fluid contained in the rock;
that is, it is related to porosity [42]. .erefore, under acid
erosion, changes in the T2 spectrum areas of rock specimens
reflect dynamic changes to the pores. .e rate of change in
the spectrum area in each stage also reflects the rate of
damage to the rock specimens. Table 3 shows the NMR T2

spectrum area of sandstones and the rate of change in the
spectrum area at each stage with soaking time.

As can be seen from Table 3, the T2 spectrum areas
increased with soaking time, but the range of increase
differed for each specimen. At a given soaking time, the rates
of change in spectrum areas differed markedly according to
grain size. At the same time, with increasing soaking time,
the rates of change in the spectrum areas of sandstones with
the same grain sizes also differed. .is indicates that the rate
of damage to sandstones with the same grain size differed
according to soaking time. Hence, the damage rate of fine-
grained sandstone changed from relatively slow to medium
and then to slow. .is means that in the initial stage of
soaking, the initial porosity of fine-grained sandstone was
low and the water-rock chemical reaction was slow. As
soaking time increased, the pore sizes and quantity increased
and the water-rock chemical reactions accelerated. However,
with further erosion, due to a gradual decrease in the
amounts of framework grains and cements involved in the
chemical reactions, the seepage paths in the sandstone
elongated. .e cements, cations, and water films produced
by chemical reactions block micropores inside rock,
resulting in slowing down of water-rock chemical reactions
and decrease in the rate of change in spectrum area..e rates
of damage to medium- and coarse-grained sandstones
changed from relatively fast to medium and then to slow,
and from fast to medium and then to slow, respectively. .e
main reason is that the initial porosity of coarse- and me-
dium-grained sandstone was higher than that of fine-grained
sandstone, the initial water-rock chemical reaction was
faster, and rate of change in spectrum area was greater. With
increasing soaking time, the seepage paths in coarse- and
medium-grained sandstone became longer; however, the
main reason for the gradual slowdown in the water-rock
chemical reactions was that the amounts of participating
framework grains and cements gradually decreased.

In addition, the initial spectrum areas of the three
specimens in each group differed, as did their increases with
soaking. However, there was no obvious overall relationship.
.is is mainly due to the fact that rocks are complex porous
materials with individual differences and poor homogeneity.

4. Discussion

4.1. Acid Erosion Damage. When studying the damage to
rocks caused by acid erosion, it is critical to select appro-
priate variables. Changes in rock micropore structures are
the fundamental cause of changes in rock mechanical
properties [45, 46]. .erefore, porosity can be used as a
variable to reflect the degree of acid erosion damage in
sandstone. According to analysis of the dynamic change in
sandstone porosity under acid erosion, an acid erosion
damage variable, S, was established as follows:

S �
φt − φ0
1 − φ0

× 100%, (6)

where φ0 is the porosity before erosion and φt is the porosity
after acid erosion for time t. According to equation (6), Swas
calculated for all sandstone samples (Figure 11). It can be
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Table 3: NMR spectrum area and rate of change in each group of sandstone with soaking time.

Group Sample no.
NMR spectrum area Change rate of spectrum area (%)

0 d 10 d 20 d 30 d 40 d 50 d 60 d 0–10 d 10–20 d 20–30 d 30–40 d 40–50 d 50–60 d

B

N-1 1412 1464 1566 1679 1745 1817 1835 3.68 6.97 7.22 3.93 4.13 0.99
N-2 1432 1487 1576 1683 1756 1824 1849 3.84 5.99 6.79 4.34 3.87 1.37
N-3 1649 1710 1797 1905 1972 2035 2043 3.70 5.09 6.01 3.52 3.19 0.39

Average value 1498 1554 1646 1756 1824 1892 1909 3.74 6.01 6.67 3.93 3.73 0.92

C

N-4 2028 2272 2504 2711 2903 2966 3028 12.03 10.21 8.27 7.08 2.17 2.09
N-5 2341 2592 2829 3016 3238 3301 3374 10.72 9.14 6.61 7.36 1.95 2.21
N-6 2238 2478 2703 2887 3069 3135 3203 10.72 9.08 6.81 6.30 2.15 2.17

Average value 2202 2447 2679 2871 3070 3134 3202 11.16 9.48 7.23 6.92 2.09 2.16

D

N-7 3175 3630 4009 4289 4364 4423 4438 14.33 10.44 6.98 1.75 1.35 0.34
N-8 3320 3804 4192 4458 4528 4572 4603 14.58 10.20 6.35 1.57 0.97 0.68
N-9 3184 3670 4074 4331 4405 4431 4486 15.26 11.01 6.31 1.71 0.59 1.24

Average value 3226 3701 4092 4359 4432 4475 4509 14.72 10.55 6.55 1.68 0.97 0.75

Microscopic damage

Mesoscopic damage

Macroscopic
damage

Micropore Mesopore Macropore

T2 cutoff T2 cutoff
60

50

40

30

20

10

0

T2 relaxation time (ms)
0.01 0.1 1 10 100 100001000

0d
10d
20d
30d

40d
50d
60d

Si
gn

al
 am

pl
itu

de

(a)

Macroscopic
damage

T2 cutoff T2 cutoff
Microscopic damage

Mesoscopic damage
Micropore Mesopore Macropore

50

40

30

20

10

0

90

80

70

60

T2 relaxation time (ms)
0.01 0.1 1 10 100 100001000

0d
10d
20d
30d

40d
50d
60d

Si
gn

al
 am

pl
itu

de
(b)

Macroscopic
damage

T2 cutoff T2 cutoff

Microscopic damage Mesoscopic damage
Micropore Mesopore Macropore

120

100

80

60

40

20

0

T2 relaxation time (ms)
0.01 0.1 1 10 100 100001000

0d
10d
20d
30d

40d
50d
60d

Si
gn

al
 am

pl
itu

de

(c)

Figure 10: T2 spectrum distribution curves of sandstones with different grain sizes under acid erosion. (a) N-2; (b) N-4; and (c) N-9.
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seen that S increased to varying degrees with acid erosion.
.e degree of damage to coarse-grained sandstone was al-
ways greater than that of medium-grained sandstone and
was least in fine-grained sandstone.

4.2. Analysis of the Damage Mechanism. .e micropore
structure of rock is closely related to its macromechanical
properties. Acid erosion changes the micropore structure,
leading to deterioration in the macromechanical proper-
ties to varying degrees. It can be said that the essence of
acid erosion is a process of changing the micropore
structure and composition of rocks [45]. Under acid
erosion, the micropore structures of the sandstone samples
changed in two main aspects. On the one hand, the acid
solution contained a large amount of H+ ions, which can
easily enter the interior of rock specimens along pores and
fissures of various scales on the sandstone surface. .ere,
they react with minerals such as calcite and destroy the
cementation between rock grains, making the interior
loose and more porous. On the other hand, some minerals
are readily soluble in aqueous solutions, resulting in in-
creased porosity and softening of the interior of the
samples. Figure 12 shows the water-rock chemical reaction
model of sandstone.

Sandstone immersed in acid solution undergoes a series
of complex chemical reactions, the main ones being the
following:

NaAlSi3O8 + 4H+
+ 4H2O⟶ Na+

+ Al3+
+ 3H4SiO4

(7)

KAlSi3O8 + 4H+
+ 4H2O⟶ K+

+ Al3+
+ 3H4SiO4 (8)

K2Al6Si6O20(OH)4 + 20H+⟶ 2K+
+ 6Al3+

+ 6H4SiO4

(9)

Al4Si4O10(OH)8 + 12H+⟶ 4Al3+
+ 4H4SiO4 + 2H2O

(10)

Fe2O3 + 6H+⟶ 2Fe3+
+ 3H2O (11)

CaCO3 + 2H+⟶ Ca2+
+ CO2↑ + H2O (12)

As can be seen from Formulas (7)–(12), the chemical
reactions in rocks differ according to the mineral compo-
sition and cause different types of chemical erosion damage.
In this study, quartz was the main mineral in the sandstone
samples, accounting for a large proportion of the total
mineral contents. However, its main component is SiO2,
which is relatively stable in acid environments and does not
react. Feldspar, muscovite, kaolinite, and other framework
grains will undergo various degrees of chemical reactions in
acid environments, resulting in changes to the rock pore
structure that make the rock softer. In addition, the cement
content of sandstone is low, but because the strength of the
minerals in the cements is often less than those of framework
grains, chemical reactions can destroy the cementation
between framework grains and other grains, such that the
internal grains of the rock become looser. .erefore,
chemical reactions involving cements have a greater effect
on the micropore structure of rocks than other types of
reactions. Based on the above analysis and the mineral
compositions of the sandstones, it can be found that the
changes in pore structure and amount of erosion damage are
positively correlated with the contents of framework grains
and cements that participate in chemical reactions.

In summary, due to chemical reactions and dissolution
in acid, the micropore structure of sandstone changed, the
porosity increased, and acid erosion damage increased. .is
conclusion is easily verified by the NMR T2 spectrum. .e
pore structure changed more and the acid erosion damage
was greater in coarse-grained sandstone than in other types,
which is attributed to the contents of framework grains and
cements that can participate in chemical reactions and the
initial rock pore-throat size.

5. Conclusions

In this work, through a series of laboratory tests, dynamic
pore structure changes and the mechanism of damage in
sandstones with different grain sizes subjected to acid
erosion were studied. .e following conclusions can be
drawn:

(1) With increasing soaking time, the porosity of
sandstone increased gradually. However, the in-
crement of porosity differed according to grain size.
Comparing the three groups of specimens, a positive
correlation was found between the initial pore-throat
size and the increment of porosity.

(2) After acid soaking, the pore structures and T2
spectrum distributions of the three sandstone types
changed obviously. According to the T2 spectrum
distribution curves, the order of influence of acid

0 10 20 30 40 50 60
Soaking time (d)

3.5

4.0

3.0

2.5

2.0

1.5

1.0

0.5

0.0

A
ci

d 
er

os
io

n 
da

m
ag

e v
ar

ia
bl

e (
%

)

Fine-grained sandstone
Medium-grained sandstone
Coarse-grained sandstone

Figure 11: Acid erosion damage variable S in sandstones with
different grain sizes.
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solution on the pore structures of sandstone was
coarse-grained>medium-grained> fine-grained.

(3) .e rates of damage to sandstone specimens with
different grain sizes differed according to the soaking
stage. .e rate of change in the T2 spectrum area at
each stage reflected the rate of damage. .erefore,
according to the rate of change in the T2 spectrum
area, the damage rates of fine-grained, medium-
grained, and coarse-grained sandstone were (1)
relatively slow to medium and then to slow, (2)
relatively fast to medium and then to slow, and (3)
fast to medium and then to slow, respectively.

(4) .e degree of acid erosion damage to sandstone was
ranked coarse-grained>medium-grained>fine-grained.
.e contents of framework grains and cements that
participate in chemical reactions, and the initial pore-
throat size of rock, were larger in coarse-grained sand-
stone. Hence, it had the strongest water-rock chemical
reactions, greatest changes in micropore structure, and
greatest amount of erosion damage.
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